A fully quantized theory of optical interactions with semiconductors reveals quantum correlations between the field and carrier density. These quantum correlations lead to intraband coherences which live much longer than the interband dephasing time; the correlations are observed as oscillations in the time-resolved reflectivity in a pump-probe experiment on a normal-mode microcavity. Coherent control of the microcavity normal modes using phase-locked pump pulses enables considerable enhancement of the intraband oscillations due to quantum interference; the detailed phase dependence is well reproduced by the theory. PACS numbers: 71.35.Cc, 42.50.Ct, 73.20.Dx, 78.47. + p An intriguing objective in quantum optics is to produce systems which can significantly alter the properties of a classical probe field via quantum phenomena. An important prototype is a single atom strongly coupled to a resonant cavity, where the dipole interaction is stronger than the atomic polarization and cavity field dampings. The nonperturbative regime was first achieved in atomic cavity QED using many atoms in the cavity; the collective dipole coupling of N atoms to the cavity yields a p N enhancement of the normal-mode or collective vacuum Rabi splitting, and can thus exceed the damping [1] . It was subsequently shown, however, that the multiatom vacuum Rabi splitting can be understood purely within classical dispersion theory [2] . True quantum effects, where the presence of one additional photon alters the probe response, were believed to be observable only when strong coupling is achieved with N ഠ 1 [3].
A fully quantized theory of optical interactions with semiconductors reveals quantum correlations between the field and carrier density. These quantum correlations lead to intraband coherences which live much longer than the interband dephasing time; the correlations are observed as oscillations in the time-resolved reflectivity in a pump-probe experiment on a normal-mode microcavity. Coherent control of the microcavity normal modes using phase-locked pump pulses enables considerable enhancement of the intraband oscillations due to quantum interference; the detailed phase dependence is well reproduced by the theory. An intriguing objective in quantum optics is to produce systems which can significantly alter the properties of a classical probe field via quantum phenomena. An important prototype is a single atom strongly coupled to a resonant cavity, where the dipole interaction is stronger than the atomic polarization and cavity field dampings. The nonperturbative regime was first achieved in atomic cavity QED using many atoms in the cavity; the collective dipole coupling of N atoms to the cavity yields a p N enhancement of the normal-mode or collective vacuum Rabi splitting, and can thus exceed the damping [1] . It was subsequently shown, however, that the multiatom vacuum Rabi splitting can be understood purely within classical dispersion theory [2] . True quantum effects, where the presence of one additional photon alters the probe response, were believed to be observable only when strong coupling is achieved with N ഠ 1 [3] .
In a semiconductor quantum well (QW) microcavity, normal-mode coupling is also achieved by virtue of the large number of oscillators (excitons) which are resonantly coupled to the cavity [4] . Typically, it is sufficient to model the linear and even the nonlinear optical response of semiconductor microcavities using only semiclassical descriptions (for a review, see, e.g., [5] ). It may be possible, however, to observe quantum effects in directions away from the classical specular directions; for example, squeezing has been predicted [6] in the secondary emission from a QW.
In this Letter, we show that quantum correlations between the cavity field and the carrier density in a normalmode microcavity can be observed in a novel pump-probe experiment. In our investigations, the lower normal mode of a microcavity is excited with a pair of identical phaselocked pump pulses near normal incidence. The transient reflectivity of a weak probe pulse tuned to the upper normal mode is measured. We will show that long-lived oscillations are observed which originate in the pumpinduced quantum correlations, and that the phase and amplitude of the coherences can be controlled via the relative phase of the pump pulses.
The sample has one In 0.04 Ga 0.96 As QW positioned at each of the two central antinodes of a 3l͞2 cavity formed by two distributed Bragg reflectors consisting of 14 (16.5) periods of GaAs͞AlAs in the top (bottom) mirrors. The QW exciton transition is at 1.487 eV with a linewidth of 0.7 meV, and is resonant with the cavity mode at 10 K; normal-mode spectra for this sample (referred to as NMC63) can be seen in [7] . The pump and probe pulses were generated by spectral filtering the output of a 76 MHz mode-locked Ti:sapphire laser which produces 75 fs pulses centered at 831 nm. The pump (probe) pulse was resonant with the lower (upper) mode, with pulse durations of 190 fs. The high contrast ratio of the spectral filtering yields a negligible spectral overlap of the pump (probe) at the upper (lower) mode; this two color scheme eliminates any coherent artifacts in the pump-probe dynamics [8] . The pump pulse was split into two excitation pulses with a variable delay using a Michelson interferometer having a piezoelectric translator in one arm to allow continuous control of the relative phase between the two pulses [9, 10] . The pump and probe were colinearly polarized, and were overlapped on the sample near normal incidence; the pump (probe) diameter was 35 ͑20͒ mm, and the probe fluence was always less than 10 22 that of the pump. The timeresolved probe differential reflectivity (DR) was measured with photodiodes following a monochromator tuned to the reflectivity minimum of the upper mode.
The dynamics of the probe DR are shown in Fig. 1(a) ; oscillations in the DR are observed with a 2 ps period independent of the pump fluence. The frequency corresponds to the energy difference between the excitonic resonance and the upper normal mode. When the relative phase Df f 2 2 f 1 between the two pump pulses is varied, the phase of the oscillations is observed to change. The oscillations are strongly enhanced with the Df 2130 ± excitation. A striking feature of the data is that the oscillations persist for a time longer than the interband dephasing time of the normal modes (which is less than 2 ps at these pump fluences, determined in a measurement of the decay time of the interference oscillation amplitude). Thus, one might expect that the origin of the oscillations lies in intraband coherences, which are known to live longer than interband coherences under certain conditions [11] .
In order to understand the properties of the oscillations, we apply our microscopic theory [6, 12] to the QWmicrocavity system, including quantization of the light field. The QW carriers with in-plane carrier momentum k k are described by Fermionic operators e k k and h k k referring to a conduction band electron and valence band heavy hole, respectively. The carrier dynamics are determined by the Hamiltonian containing the kinetic energies and the Coulomb interaction of carriers [13] . Each Bosonic photon operator b q is related to a mode function u q ͑z͒ exp͑iq k ? r k ͒ with a momentum q ͑q z , q k ͒ and frequency v q cjqj [14] . The corresponding quantized light field can be expressed via the vector potentialÂ͑r͒
with the vacuum field amplitude E q ph v q ͞2e 0 . The quantum description of the interacting photon electron-hole system additionally contains the Hamiltonian for the light field [14] and dipole interaction
where F q d cy E q u q ͑z 0͒ with the dipole matrix element d cy and QW position z 0.
We assume an excitation configuration where coherent pump and probe pulses excite the QW in the normal q k 0 direction. In a nearly perfect QW, a classical field ͗b y q ͘ and consequently a driven polarization ͗h 2k k e k k ͘ exist only for q k 0. With a semiclassical approach, such excitation dynamics have been successfully studied with the Maxwell-semiconductor Bloch equations [13] and its quantum kinetic extensions [15] involving coupled equations for the polarization, light field, electron f e k k ͗e
The quantum corrections to this approach originate from the quantized light-matter interaction, leading to
In the semiclassical limit, b q can be treated like a complex number. The resulting expression, ih≠͗h 2k k e k k ͘͞≠tj
R , couples only to the q k 0 light mode and contains the standard phase-space filling factor and the Rabi frequency V R [13] . However, the quantum description includes all possible intraband processes, inaccessible in a classical description, where a photon is absorbed and its in-plane momentum is transferred to an electron or hole. The mode sum in Eq. (1) is obviously dominated by the guided modes which have their emission dynamics in the weak coupling regime. Thus, the characteristic frequency of these contributions is determined by the excitonic resonance at E x . Since the probe energy E pro is at the upper normal mode, the intraband oscillation period is related to ͑E pro 2 E x ͒ as observed in Fig. 1 .
For a fully quantized two-level system, the optical Bloch equations ≠P͞≠tj class V 3 P are not closed anymore since they are coupled to the quantum corrections ≠͗P 2 ͘͞≠tj quant 2 P q F q ͓͗b q P z ͘ 2 ͗b q ͘ ͗P z ͔͘ [16] where we have introduced the Rabi vector V ͑2Re͓E͔, Im͓E͔, D͒, detuning D, and the Bloch vector P ͑Re͓͗P 2 ͔͘, Im͓͗P 2 ͔͘, ͗P z ͒͘. The optical polarization is given by ͗P 2 ͘ and the occupation of the excited state is f ͑1 1 ͗P z ͒͘͞2. Clearly, the quantum correlations in ͗b q P z ͘ correspond to the intraband terms in Eq. (1).
The intraband processes are closely related to two-point correlations between a photon absorption at R k and carrier density at R
where definitions
2iq k ?R are used. This pair-correlation term can be identified from Eq. (1) and the resulting quantum contributions are
Thus, the quantum corrections to the semiconductor Bloch equations can be interpreted to describe correlations between photon absorption at R k and the carrier density at the same position in analog to the atomic entanglement in ͗b qPz ͘. We solve the full problem numerically by propagating one or two pump pulses and one delayed probe pulse through the microcavity QW system, which is initially completely unexcited (i.e., f e͑h͒ k 0, ͗h 2k k e k k ͘ 0, and the quantum correlations vanish). The excitation dynamics are consistently solved from the Maxwellsemiconductor Bloch equations including Eq. (3) coupled to the semiconductor luminescence equations determining ͗b
In general, the light-matter correlations are strongly coupled via the Coulomb interaction and thus scattering contributions to the spontaneous emission processes are included. The scattering leading to dephasing is approximated with a phenomenological dephasing determined from a separate quantum kinetic computation [17] . The explicit form of the numerically solved coupled equations is found from [12] .
The results of the numerical solution are shown in Fig. 1(b) . The essential features of the oscillations in the experimental data are reproduced by the theory for both single-and double-pulse excitations (since a dephasing approximation is used for simplicity, the overshoot in the experimental DR signal at early times is not well reproduced by the theory). If the quantum correlations (3) are switched off in the theory [dotted line in Fig. 1(b) ], then the long-lived 2 ps oscillations disappear, indicating that the oscillations are caused by the intraband coherences in Eq. (3). Because neither disorder nor higher order carrier correlations are included in the theory, the calculated oscillations are undamped. The theory does confirm that the intraband oscillations can be enhanced using two phaselocked pump pulses.
In fact, the ability to control the relative phase of the two excitation pulses opens up possibilities of enhancing quantum correlations via interference, and of providing a more rigorous test of the theory. A series of DR data was taken varying the phase difference Df, and compared to the theoretical model. In order to isolate the effect of the oscillations of interest and reduce the population contribution to the signal, the temporal derivative of the DR data was taken; some representative results are shown   FIG. 2 . Measured differential probe reflection as a function of delay for three different excitation conditions. To enhance the visibility of the oscillations, a time derivative is taken from the signal.
in Fig. 2 for different pump fluences. It is apparent that there is an optimal excitation level; the amplitude of the oscillations tends to increase with excitation because of the stronger intraband correlation, but decreases at too high a density due to the onset of strong carrier scattering.
In Fig. 3 we compare the experimental and theoretical results for the Df-dependent amplitude of the oscillations; the agreement is excellent. Figure 3(c) shows the experimental amplitude (as determined from the amplitude of the second peak in the data of Fig. 2 ) for two different excitation levels. The calculated carrier density and oscillation amplitude are shown in Figs. 3(a) and 3(b), respectively; in these figures the calculated results for single-pulse excitation are also included (dotted lines). To mimic the Df dependency of the carrier density created by two pulses, we use a single-pulse intensity 1.1 1 cosDf. In all cases, the density peaks at Df 0 ± ; however, the amplitude of the oscillations R amp behaves very differently for single and double excitation pulses. The double pulse creates much larger quantum correlations than a single pulse even though the same carrier density is reached. For two pulses, R amp peaks within a range 2180 ± , Df , 290 ± , whereas the single-pulse excitation peaks at Df 0 ± (corresponding to a maximum in the carrier density). Furthermore, for double-pulse excitation R amp is very asymmetric with respect to positive (0 ± , Df , 180 ± ) and negative (2180 ± , Df , 0 ± ) phases. This behavior can be understood using a simplified two-level system analysis. By solving f from ≠P͞≠tj class V 3 P, we observe that 6jDfj lead to the same final density f even though f͑t, 2jDfj͒ is considerably larger than f͑t, 1jDfj͒ during the second pump pulse for similar excitation conditions as in Fig. 3 . The magnitude of the intraband correlations is related to the time integral of the spontaneous source which is proportional to f͑t͒ ͗P 1 ͑t͒͘ (in analogy to f e k k ͗h 2k k e k k ͘ [12] for the semiconductor system). Thus, the complete evolution trajectory of the carrier density influences the magnitude of the intraband correlations leading to the difference observed for the 1jDfj and 2jDfj excitations.
Several other features appear in the nonlinear characteristics of both the data and the calculations. First, the phase at which the maximum (minimum) amplitude of the oscillations occurs tends to rotate clockwise (counterclockwise) as the pump fluence increases. Second, the range of phase angles with enhanced oscillation amplitudes becomes narrower as the pump fluence increases.
In summary, the coherently controlled excitation of the lower normal mode in a microcavity using a pair of phaselocked pulses induces intraband coherences in the QW, which have their physical origin in the quantum correlations between the light field and the carrier populations. These coherences are observed as temporal oscillations in the reflectivity of a probe pulse tuned to the upper normal mode which live longer than the interband dephasing time. Since the intraband contributions are related to the quantum corrections to the optical Bloch equations [16] , the mechanism we observe should emerge also for a wider variety of systems exhibiting saturation via light absorption. In fact, the primary role of the cavity in our experiments is to enhance the change in reflection due to the quantum correlations; the oscillations would be roughly 2 orders of magnitude smaller in a bare QW. Similar QED effects may be observed in multiatom cavity systems in the two-color scheme employed here.
